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VBMAlthough brain plasticity in the form of gray matter increases and decreases has been observed in chronic pain,
factors determining the patterns of directionality are largely unknown. Here we tested the hypothesis that
ﬁbromyalgia interacts with age to produce distinct patterns of gray matter differences, speciﬁcally increases in
younger and decreases in older patients, when compared to age-matched healthy controls. The relative contribu-
tion of pain durationwas also investigated. Regional graymatter wasmeasured in younger (n = 14,mean age 43,
range 29–49) and older (n = 14; mean age 55, range 51–60) female ﬁbromyalgia patients and matched controls
using voxel-basedmorphometry and cortical thickness analysis of T1-weightedmagnetic resonance images. Toex-
amine their functional signiﬁcance, gray matter differences were compared with experimental pain sensitivity.
Diffusion-tensor imaging was used to assess whether white matter changed in parallel with gray matter, and
resting-state fMRI was acquired to examinewhether pain-related graymatter changes are associatedwith altered
functional connectivity. Older patients showed exclusively decreased gray matter, accompanied by compromised
whitematter integrity. In contrast, younger patients showed exclusively graymatter increases, namely in the basal
ganglia and insula,whichwere independent of painduration. Associatedwhitematter changes in youngerpatients
were compatible with gray matter hypertrophy. In both age groups, structural brain alterations were associated
with experimental pain sensitivity,whichwas increased in olderpatients but normal in younger patients.Whereas
more pronounced gray matter decreases in the posterior cingulate cortex were related to increased experimental
pain sensitivity in older patients, insular graymatter increases in younger patients correlatedwith lower pain sen-
sitivity, possibly indicating the recruitment of endogenous painmodulatorymechanisms. This is supported by the
ﬁnding that the insula in younger patients showed functional decoupling from an important pain-processing re-
gion, the dorsal anterior cingulate cortex. These results suggest that brain structure and function shift from
being adaptive in younger to being maladaptive in older patients, which might have important treatment
implications.
© 2013 The Authors. Published by Elsevier Inc.Open access under CC BY-NC-ND license. 1. Introduction
The human brain displays a high degree of plasticity, and graymatter
and white matter change throughout the life span. In addition to, cortical thickness analysis; FA,
ccumbens; ACC, anterior cingu-
prefrontal cortex; DLPFC, dorso-
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900.
.Open access under CC BY-NC-ND licenundergoing pre-determined maturation and aging processes (Ziegler
et al., 2011), the brain's structure responds to environmental stimuli
(Lederbogen et al., 2011), causing use-dependent plasticity (May,
2011). Long-term pain is interesting in the context of brain plasticity:
continuous afferent nociceptive activation provides a recurring stimulus
input similar to that shown to produce structural brain changes during
sensory learning (Golestani et al., 2002; Schneider et al., 2002). Also,
there is evidence that the aging brain responds differently to disease
states than a younger brain (Lado et al., 2000), leading potentially to
interactions between the impacts of age and disease on brain structure.
Neuroimaging studies provide evidence for structural brain changes
resulting from prolonged pain as well as some suggestion for interac-
tions between chronic pain and age (Moayedi et al., 2012a). Decreased
gray matter has been observed in various chronic pain conditions,
including ﬁbromyalgia (Burgmer et al., 2009; Kuchinad et al., 2007;se. 
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Wood et al., 2009), back pain, and irritable bowel syndrome (Davis
and Moayedi, 2012; Schweinhardt and Bushnell, 2010). Such
decreases primarily affect the insular, cingulate and prefrontal cortices
(Schweinhardt and Bushnell, 2010). Several studies have reported
more pronounced gray matter decreases with prolonged pain duration
(Absinta et al., 2012; Apkarian et al., 2004; Baliki et al., 2011b; Geha
et al., 2008; Jin et al., 2013; Kim et al., 2008; Kuchinad et al., 2007;
Obermann et al., 2013; Rocca et al., 2006; Schmidt-Wilcke et al., 2005;
Seminowicz et al., 2010; Wartolowska et al., 2012) or reversal with
pain resolution (Gwilym et al., 2010; Rodriguez-Raecke et al., 2009;
Seminowicz et al., 2011), indicating that gray matter decreases might
be a consequence of prolonged pain. Albeit less frequently, gray matter
increases have also been observed in chronic pain, including ﬁbromyal-
gia, and are located mostly in the basal ganglia, insula and the
hippocampal complex (Davis and Moayedi, 2012). In a study showing
exclusively gray matter increases in young women with chronic vulvar
pain (Schweinhardt et al., 2008), we ﬁrst proposed that the relationship
between chronic pain and gray matter may be affected by the patients'
age and might follow a bi-directional trajectory resulting in increased
gray matter in younger patients and decreased gray matter in older
patients.
This study tested the hypothesis that patients' age inﬂuences the effect
of ﬁbromyalgia on the brain, speciﬁcally that younger patients show gray
matter increases and older patients have gray matter decreases.
2. Materials and methods
2.1. Subjects
All procedures were approved by the McGill University Institutional
Review Board and written informed consent was obtained from all
participants according to the Declaration of Helsinki. Exclusion criteria
included male gender (because ﬁbromyalgia displays a female-to-
male ratio of 10:1 (Clauw and Crofford, 2003)), smoking, use of recrea-
tional drugs, use of opioid medications, alcohol consumption of N10 UK
units per week, pregnancy or breastfeeding, chronic pain conditions
other than ﬁbromyalgia, major medical, neurological, or current psychi-
atric conditions, including severe depression and generalized anxiety
disorder, andMRI contraindications. Patients were on stablemedication
(Table 1). Patients met the American College of Rheumatology criteria
for ﬁbromyalgia (Wolfe et al., 1990, 2010), as conﬁrmed by an experi-
enced rheumatologist (MAF). The total study sample consisted of 28 fe-
male ﬁbromyalgia patients (mean age ± SD: 48.7 ± 7.8 years, range
29–60 years) and 28 individually age-matched (±3 years) healthy
female controls (48.8 ± 7.7 years, range 30–63 years; t = 0.03, p =
0.973). The groups were further matched for handedness (Edinburgh
Handedness Inventory (Oldﬁeld, 1971)), years of education, individual
annual income, level of physical activity (International Physical Activity
Questionnaire, IPAQ (Craig et al., 2003)), phase of menstrual cycle and
menopausal status (Randolph et al., 2006) (Table 1).
2.2. General design
Each participant underwent two sessions: one behavioral and one
MRI session (4 ± 3 days apart). All questionnaire data as well as
pressure pain sensitivity were obtained in the behavioral session.
2.3. Behavioral measures
2.3.1. Clinical assessment
Pain duration was recorded as time in years since onset of wide-
spread body pain. Clinical pain intensity was measured on an 11-point
numerical pain intensity rating scale from 0 to 10 (0 — no pain, 1 —
pain threshold, 10 —worst bearable pain). The ﬁnal score was an aver-
age of two ratings: one from the behavioral and one from the MRIsession. General and mental fatigue were assessed with the Multidi-
mensional Fatigue Inventory (MFI-20) (Smets et al., 1995), catastrophic
thinking related to pain with the Pain Catastrophizing Scale (PCS)
(Sullivan et al., 1995), and depressive symptoms and anxiety with the
Hospital Anxiety and Depression Score (HADS) (Zigmond and Snaith,
1983).
2.3.2. Pressure sensitivity
Using a calibrated hand-held algometer with a 1 cm diameter tip
(Force Dial FDK/FDN Series Push Pull Force Gauge,Wagner Instruments,
USA) pressure was applied to subjects' thumbnail because the thumb-
nail has previously been shown to reﬂect a person's overall pressure
pain sensitivity (Petzke et al., 2001). Following familiarization with
the testing procedure, three trials of predetermined intensity and
duration (4 kg/cm2 for 3 s)were performed on each thumb (alternating
between left and right), with inter-stimulus intervals of approximately
10 s. Participants were instructed to rate the intensity and hedonic
quality (pleasantness/unpleasantness) of each pressure stimulus imme-
diately after its presentation. Ratingswere expressed verbally, while ob-
serving Visual Analogue Scales (VAS) as reference. To help participants
distinguish sensory and affective aspects of the sensations evoked by
the pressure stimuli, we stressed differences between intensity and
pleasantness/unpleasantness of the sensation using explanations
adapted from Price et al. (1983). The 200-mm intensity scale was an-
chored with 0 (no sensation) and 200 (most intense pain tolerable)
with a mid-point of 100 deﬁned as the pain threshold. The 200-mm
hedonic scale was anchored with −100 (extremely unpleasant) and
100 (extremely pleasant) with a mid-point of 0 labeled neutral. These
scales have been used successfully to differentiate between sensory
and hedonic aspects of pain sensations (Loggia et al., 2008; Villemure
et al., 2003). Data were missing from two controls (one could not follow
instructions; one refused the test). Ratings in response to pressure stim-
uli did not differ between left and right thumbs (intensity: p = 0.94, un-
pleasantness: p = 0.99) and were therefore pooled for further analysis.
2.4. MRI acquisition
The MRI scanning session included a 10-min anatomical MRI scan, a
15-min DTI scan, and an 8-min resting state functional MRI scan.
Throughout the session, participants wore earplugs and their heads
were immobilized. Brain images were acquired using a 3 T Siemens
TIM-Trio scanner (Siemens, Erlangen, Germany) with a standard
12-channel head coil. Anatomical images were acquired using a
T1-weighted 3D magnetization prepared rapid acquisition by gradient
echo (MP-RAGE) sequence (repetition time (TR) 2300 ms, echo time
(TE) 2.98 ms, ﬂip angle 9°, ﬁeld of view 256 mm, resolution
1 × 1 × 1 mm). DTI data were acquired using a diffusion-weighted sin-
gle shot spin-echo echoplanar imaging (SE-EPI) sequence (TR 8300 ms,
TE 89 ms, resolution 2 × 2 × 2 mm, b0 = 1000 s/mm2, 99 directions).
Additionally, ten images with no diffusion weighting (b = 0 s/mm2)
were acquired. Resting state functional MRI data were acquired using a
blood oxygenation level-dependent (BOLD) protocol with a T2*-weight-
ed gradient echo planar imaging (EPI) sequence (TR 2260 ms, TE 30 ms,
ﬂip angle 90°, resolution 3.5 × 3.5 × 3.5 mm). Axial slices were oriented
30° from the line between the anterior and posterior commissures, cov-
ering the entire brain, and excluding the eyes. After discarding the ﬁrst
three volumes to allow for steady-state magnetization, 190 volumes
were acquired. Immediately after the MRI scanning session, subjects
were asked to rate the intensity of their clinical pain during the resting
state scan.
2.5. Behavioral data analysis
All data are expressed as means ± standard deviations. Variables
were compared between groups using independent samples two-
tailed t-tests in SPSS 19 and a signiﬁcance level of p b 0.05 was used
Table 1
Sample clinical characteristics.
All subjects Younger (Y) subjects (age b 50) Older (O) subjects (age N 50) Patients
Y vs. O
Controls n = 28
Mean (SD)
range
Patients n = 28
Mean (SD)
range
p value Controls
n = 15
Mean (SD)
range
Patients
n = 14
Mean (SD)
range
p value Controls
n = 13
Mean (SD)
range
Patients
n = 14
Mean (SD)
range
p value p value
Age 48.8 (7.7)
30–63
48.7 (7.8)
29–60
.973 43.1 (5.3)
30–49
42.4 (5.9)
29–49
.761 55.4 (3.7)
51–63
55.0 (2.9)
51–60
.764 b .001
BMI 24.1 (3.6)
18.5–31.8
26.8 (4.3)
17.5–35.2
.014 24.4 (3.8)
18.5–31.8
27.0 (3.6)
22.0–35.1
.073 23.8 (3.5)
19.6–31.8
26.7 (5.1)
17.7–35.3
.098 .876
Right–handed (Edinburgh) 26 27 .553a 13 14 .157a 13 13 .310a .327a
Years of education 16.6 (3.7)
11–23
15.3 (2.8)
11–20
.137 16.7 (3.7)
11–23
15.8 (3.1)
11–20
.459 16.5 (3.9)
11–23
14.9 (2.5)
11–20
.189 .350
Individual annual income .310a .145a .829a .900a
b$30,000 8 7 4 4 4 3
$30,000–600,000 18 15 11 7 7 8
N$60,000 2 6 0 3 2 3
Level of physical activity .835a .516a .289a .974a
Low 2 2 0 1 2 1
Mid 17 19 12 10 5 9
High 9 7 3 4 6 3
Menopausal status .546a .290a .955 b .001a
Pre 16 14 15 13 1 1
Post 12 12 0 1 12 11
Peri 0 1 0 0 0 1
Menstrual phase; “younger” subjects
Follicular phase 8 6 .724a 1 1
Luteal phase 5 3
No mensesb 2 1
Missing data 2 1
Clinical pain
Intensity (VAS) 0.05 (0.2)
0–1
2.6 (2.7)
0–9
b .001 0 (0)
0
2.8 (3.0)
0–9
.001 0.1 (0.3)
0–1
2.41 (2.3)
0–6.5
.002 .679
Duration (years) / 11.5 (8.7) 2–35 / / 8.8 (7.1)
2–30
/ / 12.1 (9.0)
2–35
/ .099
Medication (n of patients)
NSAIDS 24 / 12 / 12 / .932a
Antidepressants 13 6 7
Muscle relaxants 5 3 2
Anticonvulsants 7 3 4
Cannabinoids 1 0 1
Triptans 2 1 1
Affective disturbances
Anxiety
(HADS)
5.0 (3.0) 0–10 10.3 (4.5)
0–20
b .001 5.7 (3.1)
0–10
9.8 (5.4)
0–20
.019 4.0 (2.6)
1–9
10.8 (3.3)
5–15
b .001 .591
Depression (HADS) 2.1 (2.1) 0–9 5.7 (4.3)
1–16
b .001 2.3 (2.3)
0–9
5.6 (4.1)
1–13
.013 1.8 (1.6)
0–5
5.8 (4.7)
1–16
.011 .902
General fatigue (MFI-20) 9.1 (2.8) 4–15 15.8 (3.0)
9–20
b .001 10.1 (2.5)
7–15
15.8 (2.2)
12–20
b .001 7.9 (2.7)
4–12
15.8 (3.7)
9–20
b .001 .999
Mental fatigue (MFI-20) 8.3 (3.2) 4–15 13.1 (3.6)
4–20
b .001 9.7 (3.0)
5–15
13.6 (3.5)
10–20
.004 6.6 (2.5)
4–11
12.7 (3.7)
4–18
b .001 .534
Catastrophizing (PCS) 10.6 (7.1)
0–27
22.1 (11.8)
8–52
b .001 13.2 (6.3)
0–23
20.6 (12.0)
8–52
.044 7.6 (7.2)
0–27
23.6 (11.8)
8–42
b .001 .521
a χ2 test.
b Partial hysterectomy (in two patients); mechanical contraceptive (in one healthy control).
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pressure stimulus were highly correlated (r = −0.76, p b 0.001), we
corrected for multiple comparisons using an adjustment method
recommended for highly correlated endpoints (Sankoh et al., 1997;
Tukey et al., 1985).
2.6. MRI data analysis
2.6.1. Voxel-based morphometry (VBM)
Anatomical MRI data were preprocessed with the VBM8 toolbox
(http://dbm.neuro.uni-jena.de/vbm/) for SPM8 (http://www.ﬁl.ion.ucl.
ac.uk/spm/), running on Matlab R2010. Images were bias corrected
and tissue classiﬁed [gray matter, white matter, cerebrospinal ﬂuid
(CSF)], and partial volumes were calculated in each voxel. Images
were then spatially normalized to the MNI space using linear (12-parameter afﬁne) andnon-linear transformations. Thenon-linear trans-
formation parameterswere calculated via the high dimensional DARTEL
algorithm (Ashburner, 2007) with the supplied standard template.
Subsequently, the voxel values were multiplied by the non-linear com-
ponents derived from the spatial normalization (modulation) to allow
for comparison of absolute tissue volumes corrected for individual
brain sizes. Finally, the modulated images were smoothed with a
Gaussian kernel of 8 mm full width at half maximum (FWHM).
Total native gray matter, white matter, and CSF volumes were
extracted with the VBM8 toolbox and group differences as well as
group by age interactions were tested using SPSS 19. Voxel-wise
whole-brain gray matter analyses (excluding the cerebellum) were
performed using a general linear model (GLM) in SPM8. In order to
avoid possible edge effects between gray matter and other tissue
types, all voxels with gray matter values of less than 0.1 were excluded
252 M. Ceko et al. / NeuroImage: Clinical 3 (2013) 249–260from the analysis (absolute threshold masking). VBM cluster sizes were
corrected for non-stationarity using the NS toolbox in SPM5 (Hayasaka
and Nichols, 2003; Worsley et al., 1999) (http://fmri.wfubmc.edu/cms/
software).
2.6.1.1. Method for deﬁning ‘younger’ and ‘older’ age groups. We ﬁrst
performed a group by age interaction analysis of gray matter, with
and without controlling for pain duration and menopausal status
(voxel-wise threshold p b 0.05, cluster-corrected for multiple compari-
sons across the whole brain at p b 0.05 using Gaussian random ﬁeld
theory (RFT) (Worsley et al., 1996)), to examine whether the relation-
ship between age and gray matter differs for patients and controls.
The interaction between group and age was signiﬁcant, indicating that
the relationships between age and gray matter were indeed different
for patients compared to controls. We then used the age corresponding
to the intersection point of the two regression lines to divide subjects
into the ‘younger’ and ‘older’ groups, in order to further investigate
the impact of age on brain differences and to relate age-dependent
brain differences to pain sensitivity (Fig. 1B). In addition to conducting
separate analyses for younger and older subjects, we report group com-
parisons between patients and controls for the whole sample to allow
comparison with previous studies.
2.6.1.2. Separate voxel-wise analyses in younger and older subjects.Whole
brain statistical maps were compared between younger patients (n =
14) and matched controls (n = 15), and between older patients
(n = 14) and matched controls (n = 13), controlling for age or age
and pain duration (voxel-wise threshold p b 0.01, cluster-corrected
for multiple comparisons at p b 0.05 using RFT).
2.6.1.3. Regression analysis with pain duration. Across all patients (n =
28),we performed awhole-brain regression analysiswith pain duration
as predictor, controlling for age or age and menopausal status (voxel-
wise threshold p b 0.01, cluster-corrected for multiple comparisons at
p b 0.05 using RFT).
2.6.1.4. Regression analysis with pain sensitivity. For each patient group
separately, we performed a whole-brain VBM regression analysis.60
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Fig. 1. VBM group by age interaction analysis of gray matter. A) Signiﬁcant gray matter cluster
prefrontal cortex (VLPFC) (t = 5.12, p b 0.001, cluster size 27,944 voxels; MNI coordinates a
from the cluster (average value over entire cluster) that was signiﬁcant in the group by age i
p b 0.001) and controls (r = 0.168, p = 0.393) crossed at age 50.2 (red line). Therefore, age 5
Controlling for pain duration and/or menopausal status did not change the age where the reg
arbitrary unit. Please note that the gray matter plotted against age is derived from a cluster co
basal ganglia. This is important becausewhile it is correct that the volumeof the neocortex usua
have shown a different trajectory (mostly gray matter increases with age) for some subcortica
2012; Ziegler et al., 2011).controlling for age or age and pain duration with the unpleasantness
ratings of the pressure stimulus as predictor. Because this was an
exploratory analysis, we set a voxel-wise threshold of p b 0.001
cluster-corrected for multiple comparisons across the whole brain at
p b 0.05 using RFT.
Cortical graymatter was also compared between groups using corti-
cal thickness analysis (CTA). Details can be found in the Supplementary
methods.
2.6.2. DTI analysis
DTI data were not acquired in one control subject due to technical is-
sues. The DTI data of 55 subjects were pre-processed in FSL 4.1 (http://
www.fmrib.ox.ac.uk/fsl/fdt/index.html). Raw data were corrected for
eddy-currents and head motion, followed by skull and non-brain tissue
removal using BET (Smith, 2002). Fractional anisotropy (FA) images,
reﬂecting the degree of water diffusion anisotropy in each voxel, and ei-
genvalue (L) images, describing the direction of water diffusivity, were
created by ﬁtting a tensor model to the diffusion data using FSL's Diffu-
sion Toolbox (FDT). All subjects' FA data were aligned into a common
space via the supplied FMRIB58_FA standard-space image using FSL's
nonlinear registration tool FNIRT, followed by afﬁne registration into
MNI space. Next, a mean FA image was built and thinned to create a
mean FA skeleton representing the centers of all tracts common to the
study sample. Finally, each subject's aligned FA image was projected
onto this skeleton. Maps of mean diffusivity [MD = (L1 + L2 + L3) /
3)], axial diffusivity (AD = L1; parallel to principal diffusion direction),
and radial diffusivity [RD = (L2 + L3) / 2; perpendicular to principal
diffusion direction] were generated by applying the transformation
matrices obtained with the FA images.
Statistical analysis of the FA data was carried out using TBSS (Tract-
Based Spatial Statistics) (Smith et al., 2006) in FSL. FA values were
compared between groups, ﬁrst across the whole brain's white matter,
and then in a region of interest (ROI)mask encompassing the signiﬁcant
gray matter clusters, dilated to include the adjacent white matter. TBSS
was performed using randomise, a permutation-based inference tool for
nonparametric statistical thresholding, with the number of permuta-
tions set at 10,000. For group comparisons we used GLMs controlling
for age, with cluster correction for multiple comparisons at p b 0.0530 40 50 60
Age (yrs)
included bilaterally the insula, basal ganglia, superior temporal cortex, and ventrolateral
t peak −57, −42, 21). B) The amount of gray matter was extracted for each participant
nteraction analysis and plotted against age. The regression lines of patients (r = −0.73,
0 was chosen to split the study sample into “younger” (b50) and “older” (N50) subjects.
ression lines crossed. Controls, open circles, dotted line; patients, full circles, full line; a.u.,
nsisting of subcortical and cortical brain regions, with a signiﬁcant contribution from the
lly decreaseswith age (except possibly the ventral ACC (Engvig et al., 2012)), recent studies
l regions and in fact primarily for the basal ganglia and hippocampal regions (Peelle et al.,
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values were extracted from signiﬁcant FA clusters and compared
between groups with univariate ANOVAs controlling for age in SPSS 19.
2.6.2.1. Tractography. To visualize the connectivity proﬁle ofwhitematter
with signiﬁcantly altered FA, we performed probabilistic tractography
(Behrens et al., 2007) on each subject's DTI image. We used FSL's Diffu-
sion Toolbox (FDT) to produce an estimate of the most likely pathway
passing through the clusters with signiﬁcant FA differences. Brieﬂy, a
local model of ﬁber orientation, capable of resolving crossing ﬁbers,
was calculated, followed by building up distributions on the diffusion pa-
rameters at each voxel in the individual subject's space by repetitive
sampling. The seed (FA cluster) was transformed from MNI standard
space into DTI space of each subject and 5000 sample tracts were gener-
ated from each seed voxel. Individual subjects' connectivity distributions
were back-transformed to MNI standard space, thresholded at 5 out of
5000 samples (0.1%) to eliminate spurious connections, and binarized.
For visualization, a group map was built by summing the binarized
subject connectivity maps and overlaid on the study average brain.
2.6.3. Resting state functional MRI analysis
Resting state functional MRI data were not acquired in one control
subject and one patient due to technical issues, and were excluded in
one control subject due to scanner artifacts. The remaining 53 data
sets were pre-processed in SPM8. Brieﬂy, pre-processing involved
six-parameter rigid body correction for head motion, co-registration
to the T1-weighted anatomical image and spatial normalization to
MNI space [linear (12-parameter afﬁne) and non-linear], followed by
smoothing with an 8 mm Gaussian kernel.
We performed seed-based functional connectivity analysis using
the CONN toolbox in SPM8 (http://web.mit.edu/swg/software.htm).
Because functional connectivity analysis in this study served to better
understand the functional signiﬁcance of gray matter alterations, brain
regions (seeds) were deﬁned based on the whole brain VBM regression
analyses of gray matter and experimental pain sensitivity. Speciﬁcally,
seeds corresponded to spheres of 4 mm radius centered on theMNI co-
ordinates of the peak voxels within signiﬁcant clusters of the regression
analysis. To control for non-neuronal noise, we included as nuisance
variables six parameters derived from head motion correction, and
seven parameters representing the time-course data from three ventric-
ular and four white matter ROIs (Cordes et al., 2000; Fox et al., 2005).
We did not remove the average whole-brain signal because such a cor-
rectionmight introduce artiﬁcial anti-correlations (Fox et al., 2009; Saad
et al., 2012). We applied a temporal band-pass ﬁlter of 0.009 Hz to
0.08 Hz to reduce the effects of low-frequency scanner drift and high-
frequency cardiac and respiratory signals (Biswal et al., 1995; Cordes
et al., 2000; Fox et al., 2005; Fransson, 2005; Lowe et al., 1998). For
each subject the mean time series in each seed was correlated with
the time series of each gray matter voxel. Correlation coefﬁcient (r)
maps were then compared between groups using GLMs in SPM8 con-
trolling for age. The resting state analysis was exploratory and a voxel-
wise threshold of p b 0.001 across the whole brain cluster-corrected
for multiple comparisons at p b 0.05 was used.
2.6.3.1. Correlation analysiswith current pain in patients.Mean connectiv-
ity values from signiﬁcant clusters were extracted with MarsBaR and
correlated in SPSS 19with the level of pain patients experienced during
the resting state scan.
3. Results
3.1. Relationship between gray matter differences and age
Total gray matter volume showed a signiﬁcant interaction between
group and age, controlling for pain duration (ANOVAGroup ∗ Age(−PD)
F = 4.38, p = 0.041). Age and pain duration were correlated inﬁbromyalgia patients (r = 0.37, p = 0.049), but the interaction
between group and age was similar when pain duration was not
controlled for (p = 0.061). Total gray matter volume was negatively
correlated with age in patients (rpartial = −0.48, p = 0.010), but not
in controls (r = −0.09, p = 0.649). The interaction between age and
group remained signiﬁcant after controlling for the effect of menopaus-
al status (ANOVAGroup ∗ Age(−PD, − Meno) F = 4.31, p = 0.043). No
differences between groups were observed for any total brain tissue
volume, i.e. total gray matter (t = 0.53, p = 0.601), white matter
(t = −0.16, p = 0.872), or CSF (t = 0.92, p = 0.362).
Whole brain voxel-wise group by age interaction analysis of gray
matter controlling for pain duration revealed a large cluster of cortical
and subcortical structures including bilaterally the insula, basal ganglia,
superior temporal cortex, and ventrolateral prefrontal cortex (VLPFC)
(t = 5.12, p b 0.001, cluster size 27,944 voxels; MNI coordinates at
peak −57, −42, 21) (Fig. 1A). Results were virtually identical
when pain duration was not controlled for or when menopause was
controlled for in addition to pain duration. Following a signiﬁcant inter-
action between group and age, the study sample was split into “youn-
ger” and “older” individuals based on the age where the regression
lines of the two study groups crossed, whichwas age 50 (Fig. 1B), to ex-
amine group differences that were driving the results of the interaction
analysis. The split sample comprised 29 younger (14 patients, age
42.4 ± 5.9 years and 15 controls, age 43.1 ± 5.3 years; t = 0.31;
p = 0.761) and 27 older (14 patients, age 55.0 ± 2.9 years and 13
controls, age 55.4 ± 3.7 years; t = 0.30; p = 0.764) participants.
Importantly, the younger and older patient groups were matched to
the respective control groups on all matching criteria (Table 1).
Older ﬁbromyalgia patients showed pronounced gray matter
decreases compared to their controls: they had less gray matter in the
bilateral anterior cingulate cortex (ACC)/medial prefrontal cortex
(MPFC)/frontal pole (FP), right premotor cortex (PMC), VLPFC, right
dorsolateral prefrontal cortex (DLPFC), and right posterior cingulate
cortex (PCC) (Fig. 2A, Table 2). No region showed increased graymatter
in older patients. Age and pain duration were signiﬁcantly correlated in
older patients (r = 0.60, p = 0.024) and after controlling for pain dura-
tion in addition to age, graymatter decreases were no longer signiﬁcant
except for the cluster in the DLPFC/PMC. Total native graymatter, white
matter, and CSF did not differ signiﬁcantly between older patients and
controls.
In contrast, younger ﬁbromyalgia patients showed exclusively gray
matter increases compared to their controls in the left insula/putamen,
right putamen/globus pallidus (GP)/nucleus accumbens (NAc), and
right VLPFC (Fig. 2B, Table 2). No region showed decreased gray matter
in younger patients. Age and pain durationwere not correlated in youn-
ger patients (r = −0.01, p = 0.99) and controlling for pain duration in
addition to age did not change the signiﬁcant gray matter increases in
younger patients. Total native gray matter, white matter, and CSF did
not differ signiﬁcantly between younger patients and controls.
Cortical thickness differences between groups largely conﬁrmed the
VBM ﬁndings. Please refer to the Supplementary material (Fig. S2) for
details.
Because previous studies typically did not subdivide patients into
“younger” and “older”, we performed awhole-brain voxel-wise analysis
of regional graymatter on the total study sample. This analysis revealed
that ﬁbromyalgia patients had gray matter decreases compared to
controls in the right PMC, right anterior ACC/MPFC, and left DLPFC
(Supplementary Fig. 1, Supplementary Table 1). There were no regions
in which patients had more gray matter than controls.
3.2. Effect of pain duration on gray matter
We performed a separate whole brain gray matter voxel-wise analy-
sis in all ﬁbromyalgia patients with pain duration as a predictor. We ob-
served a signiﬁcant negative effect of pain duration on graymatter (more
pronounced gray matter decrease with longer ﬁbromyalgia pain) in a
A) B)
Fig. 2. Graymatter ﬁndings in ﬁbromyalgia patients. A) Older patients had graymatter decreases compared tomatched controls in the MPFC/ACC/FP (medial prefrontal cortex/anterior cin-
gulate cortex/frontal pole), PCC/SMA (posterior cingulate cortex/supplementarymotor area), VLPFC/OFC (ventrolateral prefrontal cortex/orbitofrontal cortex), DLPFC (dorsolateral prefrontal
cortex), and PMC (premotor cortex); colorbar shows t-values for the contrast older controls N older patients. Therewere no signiﬁcant clusters for the opposite contrast. B) Younger patients
had gray matter increases compared to matched controls in the INS (insula), PUT (putamen), GP (globus pallidus), CAUD (caudate), NAc (nucleus accumbens), and VLPFC; colorbar shows
t-values for the contrast younger patients N younger controls. There were no signiﬁcant clusters for the opposite contrast. Signiﬁcant clusters controlling for age (p b 0.05 corrected) are
displayed on the study average brain; left side of the brain is on the left.
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4.01, p = 0.004, cluster size 2461 voxels; MNI coordinates at peak 2,
29, 40), and an additional small cluster in the right middle occipital
gyrus (t = 4.48, p = 0.037, cluster size 407 voxels; MNI coordinates at
peak 28,−88, 27). The dACC/paracingulate cluster was no longer signif-
icant when age with or without menopause was controlled for.
3.3. White matter differences
Whole-brain analysis yielded no signiﬁcant group differences in
white matter FA in the older ﬁbromyalgia patients compared to
matched controls. In the ROI analysis focusing onwhite matter adjacent
to the regions with gray matter decreases (bilateral ACC/MPFC, left
VLPFC, rightDLPFC, right PMC, right PCC), older patients had signiﬁcant-
ly decreased FA compared to their controls adjacent to the PCC (corpus
callosum, t = 4.11, p = 0.041, cluster size 43 voxels, MNI coordinates
at peak 17,−16, 35, Fig. 3A). The FA decrease was caused by a signiﬁ-
cant decrease in axial diffusivity (F = 5.85, p = 0.024) and increase
in radial diffusivity (F = 7.72, p = 0.011) (Fig. 3D). Mean diffusivity
did not differ signiﬁcantly between groups (F = 0.31, p = 0.581). We
next used probabilistic tractography to determine the connectivity of
the corpus callosum region with decreased FA, and identiﬁed connec-
tions to motor/premotor cortex, an area where older patients had
decreased gray matter. Here, the identiﬁed white matter pathway
merged with the corticospinal tract (Fig. 3C, left). No region showed a
signiﬁcant FA increase in older patients.
Similarly, whole-brain analysis in younger ﬁbromyalgia subjects did
not reveal signiﬁcant differences in white matter FA between patients
and matched controls. ROI analysis of FA of white matter adjacent to
the left insula/putamen, right putamen/globus pallidus (GP)/nucleus
accumbens (NAc), and right VLPFC showed marginally increased FA inyounger patients compared to controls in the white matter medial to
the left putamen (anterior thalamic radiation/anterior limb of the inter-
nal capsule, t = 3.50, p = 0.058, cluster size 35 voxels,MNI coordinates
at peak−16, 1, 8; Fig. 3B). In the area of FA increase, radial diffusivity
(F = 5.31, p = 0.029) and mean diffusivity (F = 5.05, p = 0.033)
were decreased (Fig. 3E). Axial diffusivity did not differ between groups
(F = 0.83, p = 0.370). No region showed signiﬁcantly decreased FA
values in younger patients. Probabilistic tractography revealed that
the region of increased FA is part of a white matter pathway between
the insula and basal ganglia (Chikama et al., 1997), more speciﬁcally the
putamen and GP, with some of the white matter pathway reaching the
contralateral basal ganglia (Fig. 3C, right).
3.4. Pain sensitivity in older and younger patients compared to
age-matched controls
Fibromyalgia patients were hypersensitive to a standardized pres-
sure stimulus applied to the thumbnail, rating the stimulus as signiﬁ-
cantly more unpleasant [patients mean (SD)−25.89 (24.78), controls
−11.28 (14.86); t = 2.56, padjusted = 0.02], with a trend for higher in-
tensity ratings [patients 99.93 (47.71), controls 75.73 (42.13), t = 1.97,
padjusted = 0.074]. This ﬁnding was driven by the older patients who
rated the pressure stimulus as signiﬁcantly more unpleasant compared
to theirmatched controls [older patients−32.74 (22.94), older controls
−12.46 (12.72), t = 2.72, padjusted = 0.016; Fig. 4A, top], whereas
younger patients did not [younger patients −19.05 (25.43), younger
controls −10.20 (17.26), t = 1.05, padjusted = 0.4; Fig. 4A, bottom].
Ratings of unpleasantness were strongly correlated with ratings of
intensity (r = −0.759, p b 0.001), and thus, results for the perceived
intensity of the pressure stimulus were similar to those for the unpleas-
antness ratings. Older patients on average rated the pressure stimulus
Table 2
VBM statistics.
Brain region MNI coordinates
(x, y, z)
Cluster size
(voxels)
p value of
cluster
Peak t
value
Older: Controls N patients
ACC/MPFC/FP [L] −18, 44,−8 3674 b0.001 3.66
ACC/MPFC [L] −15, 48,−11 3.45
ACC/MPFC [R] 12, 50, 3 3.54
PMC [R] 16,−6, 55 1633 0.001 4.55
PMC/DLPFC [R] 32,−1, 48 4.33
Temporooccipital [R] 62,−40,−14 1476 0.019 4.12
Temporooccipital [R] 72,−36,−0 3.56
PCC [R] 9,−28, 33 1088 0.048 4.21
PCC/SMA/M1 [R] 10,−24, 52 4.13
PCC [R] 18,−24, 42 3.14
VLPFC/OFC [L] −42, 38,−6 488 0.034 5.70
DLPFC [L] −24, 38, 42 295 0.012 4.58
DLPFC [L] −15, 36, 25 4.27
DLPFC [L] −15, 27, 36 3.88
Older: Patients N controls
No signiﬁcant regions
Younger: Patients N controls
aINS [L] −30, 9, 1 3490 0.002 4.60
Putamen [L] −28,−12, 10 4.35
mINS [L] −32,−4, 6 4.01
GP/Putamen [R] 14, 8,−5 1778 0.011 4.22
NAc/GP/Putamen [R] 18, 8, 3 3.67
aINS [R] 32, 9, 0 3.55
VLPFC [R] 39, 18, 15 1391 0.005 4.81
VLPFC [R] 36, 26, 24 4.51
VLPFC [R] 50, 20, 21 3.84
Younger: Controls N patients
No signiﬁcant regions
PMC, premotor cortex; ACC/MPFC anterior cingulate/medial prefrontal cortex; DLPFC,
dorsolateral prefrontal cortex; FP, frontal pole; M1, primary motor cortex; VLPFC,
ventrolateral prefrontal cortex; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex;
SMA, supplementary motor area; aINS, anterior insula; mINS, mid insula; GP, globus
pallidus; NAc, nucleus accumbens.
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[older patients 111.83 (37.25), older controls 78.61 (45.79), t = 2.04,
padjusted = 0.072; Fig. 4B, top], while younger patients on average
rated the stimulus below the pain threshold and not different from
their controls [younger patients 88.02 (55.10), younger controls 73.26
(40.32), t = 0.81, padjusted = 0.54; Fig. 4B, bottom]. Please note that
because the psychophysical differences were more pronounced for
unpleasantness ratings we used those for further analyses. However,
any relationship reported between unpleasantness ratings and gray
matter volumes was largely similar when intensity ratings were used
as expected with two measures that are highly correlated. Also, when
intensity ratings were controlled for, brainmeasures no longer correlat-
ed with unpleasantness (and vice versa), again indicating the shared
variance of the two measures.
Despite displaying different experimental pain sensitivities, older
and younger patients did not differ signiﬁcantly with respect to the
extent of affective disturbances (anxiety, depressive symptoms,
catastrophizing), fatigue, duration or intensity of clinical pain, or medi-
cation use (Table 1).
3.5. In older patients, gray matter in the PCC is inversely related to pain
sensitivity and shows altered resting state correlations with MPFC
A voxel-wise whole brain regression of gray matter with unpleasant-
ness ratings of the pressure stimuli revealed that of the areas that showed
graymatter decreases in older patients, PCC graymatter volumewas neg-
atively correlatedwith pain sensitivity, i.e. patients with the least amount
of gray matter were most sensitive to the experimental pressure stimuli
(t = 5.32, p = 0.014, cluster size 157 voxels, MNI coordinates 3, −19,
42; Fig. 5A). This gray matter cluster showed no signiﬁcant correlationwith pain catastrophizing scores (r = −0.165, p = 0.57). To better
understand the implications of reduced gray matter in the PCC, we
conducted a functional connectivity analysis seeding in the PCC. This
revealed decreased resting state correlations with the MPFC in older
patients compared to their controls (t = 4.87, p = 0.010, cluster size
177 voxels, MNI coordinates 4, 38, −12; Fig. 5B). No region showed
signiﬁcantly increased resting state correlations with the PCC in older
patients. The PCC–MPFC connectivity in patients was not related to pain
catastrophizing scores (r = −0.04, p = 0.902) or the level of their pain
during the resting state scan (r = −0.04, p = 0.896).
3.6. In younger patients, insular gray matter is inversely related to pain
sensitivity and pain catastrophizing, and has decreased resting-state
correlations with dorsal ACC
Of the regions in which younger ﬁbromyalgia patients had more
gray matter than their controls, the left anterior insula (aINS) showed
an inverse relationship between the amount of gray matter and
patients' unpleasantness ratings of the pressure stimuli (t = 12.14,
p b 0.001, cluster size 1053 voxels, MNI coordinates −36, 9, 0;
Fig. 5C), as well as pain catastrophizing scores (r = −0.54, p =0.044;
Supplementary Fig. 4A). We next examined resting state connectivity
of this region and found that in younger patients compared to their
controls the left aINS had signiﬁcantly decreased connectivity (weaker
correlations) to dACC (t = 5.75, p = 0.021, cluster size 160 voxels,
MNI coordinates 14, 14, 36; Fig. 5D), and this connectivity was in
patients inversely related to pain catastrophizing scores (r = 0.59,
p = 0.025; Supplementary Fig. 4B). The aINS–dACC connectivity in
patients was not related to patients' pain during the resting state scan
(r = −0.29, p = 0.310). The left aINS also showed a decreased connec-
tivity to the temporal cortex (t = 6.11, p = 0.013, cluster size 189
voxels, MNI coordinates 66, −46, 12), also unrelated to patients' pain
during the resting state scan (r = 0.02, p = 0.943). Finally, left aINS
showed increased connectivity to primary somatosensory/motor cortex
(S1M1; t = 4.75, p = 0.010, cluster size 206 voxels, MNI coordinates
30,−26, 50),whichwas positively correlatedwith patients' pain during
the resting state scan (r = 0.54, p = 0.047).
3.7. In younger patients, nucleus accumbens graymatter is inversely related
to pain sensitivity and has increased resting-state correlations with the
lateral prefrontal cortex
The only other region showing an inverse relationship between gray
matter and experimental pain sensitivity in the younger ﬁbromyalgia
patients was the nucleus accumbens (NAc) (t = 6.06, p = 0.001, clus-
ter size 280 voxels, MNI coordinates 10, 12,−9). This cluster showed a
trend for negative correlation with pain catastrophizing scores
(r = −0.49, p = 0.074; Supplementary Fig. 4C). Resting-state analysis
from this area revealed increased connectivity (stronger correlations)
to a cluster located in DLPFC and PMC compared to their controls
(t = 4.91, p = 0.006, cluster size 222, MNI coordinates 38, 8, 34),
and this connectivity was unrelated to pain catastrophizing scores
(r = 0.174, p = 0.55) or patients' pain during the resting state scan
(r = 0.44, p = 0.107). No region showed signiﬁcantly decreased
connectivity to the NAc in younger patients.
4. Discussion
Here we show ﬁbromyalgia and age interact in that younger and
older patients show distinct gray matter differences compared to
controls. These structural gray matter differences were accompanied
by differences in white matter and functional connectivity that also
depended on patients' age. Perhaps most importantly, brain differences
were related to patients' pain sensitivity, and functional disengagement
between two important pain-processing regions might explain why
younger patients did not show increased experimental pain sensitivity.
B)A)
C)
D) E)
Fig. 3. White matter ﬁndings in ﬁbromyalgia patients. A) Older patients had decreased FA compared to matched controls in the corpus callosum adjacent to the right PCC (posterior
cingulate cortex). The signiﬁcant FA cluster controlling for age (older patients b older controls; red, p b 0.05 corrected) is displayed in the ROI mask (yellow). There were no signiﬁcant
clusters for the opposite contrast. B) Younger patients had marginally increased FA compared to matched controls in the anterior thalamic radiation/anterior limb of the internal capsule
medial to the left putamen. The FA cluster controlling for age (younger patients N younger controls; blue, p = 0.058 corrected) is displayed in the ROI mask (yellow). There were no sig-
niﬁcant (or near signiﬁcant) clusters for the opposite contrast. C) Affectedwhite matter tracts in older (left) and younger (right) patients. Colorbar shows the percentage of subjects who
share a common pathway. D) Axial diffusivity was signiﬁcantly lower in older patients compared tomatched controls (ANOVA controlling for age; F = 5.85, p = 0.024), radial diffusivity
was signiﬁcantly higher (F = 7.71, p = 0.011) and therewas no signiﬁcant group difference inmean diffusivity (F = 0.32, p = 0.581). E) Mean and radial diffusivities were signiﬁcantly
lower in younger patients compared tomatched controls (ANOVA controlling for age;mean diff., F = 5.05, p = 0.033; radial, F = 5.31, p = 0.029), with no signiﬁcant group difference in
axial diffusivity (F = 0.832, 0.370). Results are displayed on the study average brain; left side of the brain is on the left. Bars representmean in controls (white) and patients (black), error
bars represent SD.
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Conﬁrming our hypothesis, gray matter differences in ﬁbromyalgia
patients showed a signiﬁcant interaction with age: while patients over
50 years old had decreased gray matter in several brain regions,
patients under 50 showed exclusively gray matter increases. It should
be noted that previous studies in ﬁbromyalgia typically investigated pa-
tientswith amean age around50 (range across studies 42 to 54,median
of the means 51) without subdividing into different age groups. These
studies (Burgmer et al., 2009; Kuchinad et al., 2007; Lutz et al., 2008;
Puri et al., 2010; Robinson et al., 2011; Schmidt-Wilcke et al., 2007;
Wood et al., 2009), as also studies in other chronic pain conditions
(Davis and Moayedi, 2012; Schweinhardt and Bushnell, 2010), have
mostly reported gray matter decreases, which is in line with our
investigation of the whole study sample. It has been suggested that
gray matter decreases are a consequence of long-term nociceptive
input (Apkarian et al., 2004; Kim et al., 2008; Schmidt-Wilcke et al.,
2005; Schmitz et al., 2008) also because gray matter decreases have
been reported to be related to pain duration. Pain duration is likely to
be correlated with age in many patient samples, as was the case in the
present investigation, and it can therefore be difﬁcult to tease out the
exact contribution of each factor to brain changes (Moayedi et al.,
2012a). In the present study, as well as in a previous investigation
(Wartolowska et al., 2012), gray matter decreases related to pain dura-
tion across the whole patient sample were no longer signiﬁcant whenage was controlled for. Nevertheless, several studies suggest that gray
matter decreases are more pronounced with longer pain duration
independent of age effects (Apkarian et al., 2004; Geha et al., 2008;
Obermann et al., 2013; Rocca et al., 2006). Interestingly, when we con-
trolled for pain duration in the older patients, most of the gray matter
decreases were no longer signiﬁcant, indicating that they might indeed
be related to prolonged pain. In contrast, the observed gray matter
increases in the younger patients were independent of pain duration,
in line with previous reports on gray matter increases in chronic pain
(Absinta et al., 2012; As-Sanie et al., 2012; Blankstein et al., 2010;
Moayedi et al., 2011; Rocca et al., 2006; Schmidt-Wilcke et al., 2006,
2007; Seminowicz et al., 2010; Younger et al., 2010). Thus, we propose
that prolonged pain might only lead to decreased gray matter in an
older or otherwise vulnerable brain.
In contrast to gray matter decreases in older patients, younger
patients showed increased gray matter in the insula, basal ganglia,
and the PFC, regions previously reported as larger in ﬁbromyalgia
(Schmidt-Wilcke et al., 2007) and other chronic pain conditions
(Gwilym et al., 2010; Moayedi et al., 2011; Schmidt-Wilcke et al.,
2006; Schweinhardt et al., 2008; Seminowicz et al., 2010; Wartolowska
et al., 2012; Younger et al., 2010). Examining the literature suggests that
gray matter increases are more commonly observed in younger com-
pared to older patients, including temporomandibular disorder (TMD)
(Moayedi et al., 2011; Younger et al., 2010), IBS (Blankstein et al.,
2010; Seminowicz et al., 2010), pelvic (As-Sanie et al., 2012), menstrual
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Fig. 4. Pain sensitivity in ﬁbromyalgia patients. A) Older patients (full bars) were more
sensitive to pressure stimuli applied on the thumb than matched controls (open bars)
*p = 0.012 (unpleasantness), #p = 0.052 (intensity). B) Younger patients (full bars)
were not more sensitive to pressure than matched controls (open bars; p = 0.304
(unpleasantness), p = 0.426 (intensity)).
257M. Ceko et al. / NeuroImage: Clinical 3 (2013) 249–260(Tu et al., 2010), or vulvar pain (Schweinhardt et al., 2008). The notion
of bi-directional gray matter changes in chronic pain is supported by
closely examining two studies of total brain gray matter in patients
with ﬁbromyalgia (Kuchinad et al., 2007) and TMD (Moayedi et al.,
2012a), in which steeper slopes of an increased age-related decline of
gray matter appear to be driven by greater decreases in older patientsA)
DB)
C
Fig. 5.Relationship between pain sensitivity and structural and functional graymatterﬁndings i
(posterior cingulate cortex/supplementarymotor area)was negatively correlatedwith pain unp
unpleasantness scores in older patients (red circles) and older controls (open circles). B) Lef
correlations with MPFC (medial prefrontal cortex) in older patients compared to matched con
no signiﬁcant clusters for the opposite contrast. Right: Parameter estimates (correlation value
the gray matter of the left aINS (anterior insula) was negatively correlated with pain unpleasan
ness score. Right: Extractedmean graymatter of the aINS cluster plotted against pain unpleasan
Functional connectivity analysis of the aINS seed showeddecreased resting state correlations to
colorbar shows t-values for the contrast younger b younger controls; therewere no signiﬁcant c
ger controls (white bar) and younger patients (blue bar). Results are displayed on study averaas well as increases in younger patients. Interestingly, bi-directional
structural brain changes are not unique to chronic pain, and have been
observed in other stress- or mood-related disorders, including bipolar
(Adler et al., 2007; Lyoo et al., 2004), obsessive compulsive (Atmaca
et al., 2007), and post-traumatic stress (Tupler and De Bellis, 2006)
disorders. The observed patterns resemble the results from the present
study: younger patients present with gray matter increases while older
patients show gray matter decreases.
Similar to what we observed for gray matter, white matter differ-
ences in ﬁbromyalgia patients were age-dependent. In the younger
patients, the white matter tract connecting the insula and basal ganglia
showed increased FA caused by a decrease in radial diffusivity. This
could possibly reﬂect a hindrance to water diffusion caused by the adja-
cent gray matter hypertrophy. In contrast, older patients had decreased
FA in the white matter adjacent to their gray matter decrease,
supporting several reports of compromised white matter in pain-
related areas in chronic pain (Chen et al., 2011; Geha et al., 2008;
Moayedi et al., 2012b), including ﬁbromyalgia (Lutz et al., 2008;
Sundgren et al., 2007). This decrease was driven by decreased axial
and increased radial water diffusivity, which might indicate damaged
axonal membranes, axonal swelling, or weakened myelin (Beaulieu,
2002).
4.2. Functional signiﬁcance of structural brain differences
The divergent structural brain ﬁndings in younger and older patients
are likely not explained by intensity or duration of clinical pain or by
affective disturbances, because these variables did not differ between
younger and older patients of the present study. However, only older
patients showed hypersensitivity to experimental pain. Hypersensitivi-
ty is considered a hallmark of ﬁbromyalgia, reported in many previous
studies (Geisser et al., 2003; Geisser et al., 2008; Giesecke et al., 2004;
Gracely et al., 2002; Kosek et al., 1996; Petzke et al., 2003), and clinically)
)
nolder and younger patients. A) Left: In older patients the graymatter of the right PCC/SMA
leasantness. Right: Extractedmean graymatter of the PCC/SMA cluster plotted against pain
t: Functional connectivity analysis of the PCC/SMA seed showed decreased resting state
trols; colorbar shows t-values for the contrast older patients b older controls; there were
s) for older controls (white bar) and older patients (red bar). C) Left: In younger patients
tness (colorbar shows t-values for the whole brain VBM regression with pain unpleasant-
tness scores in younger patients (blue circles) and younger controls (open circles). D) Left:
dACC (dorsal anterior cingulate cortex) in younger patients compared tomatched controls;
lusters for the opposite contrast. Right: Parameter estimates (correlation values) for youn-
ge brain, left side of the brain is on the left; a.u., arbitrary unit.
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to note that patients in these studies are typically around the age of
50, and two studies, in addition to the present one did not ﬁnd hyper-
sensitivity in younger patients (Cook et al., 2004; Harris et al., 2009).
Therefore, age might contribute to hypersensitivity to external stimuli
in ﬁbromyalgia, rather than to spontaneous widespread pain, which is
the chief diagnostic criterion for the condition (Wolfe, 2010). Because
pressure sensitivity was related to gray matter changes in both age
groups, structural brain differences might underlie the differential ex-
perimental pain sensitivity in older and younger patients. Older patients
with the highest pain sensitivity had the least amount of gray matter in
the PCC, a structure implicated in skeletomotor orientation to noxious
stimuli (Vogt, 2005; Vogt et al., 1996) and in evaluating the valence of
potentially threatening stimuli (Maddock et al., 2003), including pain
(Ochsner et al., 2006). White matter connectivity from the PCC to
motor areas was compromised and the PCC of older patients showed
decreased resting state correlation with the MPFC. PCC/precuneus and
MPFC form central nodes of the brain's default mode network (DMN),
which is disrupted by multiple chronic pain states (Baliki et al., 2008;
Baliki et al., 2011a; Cauda et al., 2009), including ﬁbromyalgia (Cifre
et al., 2012; Napadow et al., 2010). Because a faulty DMN has been as-
sociated with impaired cognition (Fassbender et al., 2009; Greicius
et al., 2004), the reduced PCC–MPFC connectivity reported here
might be related to commonly reported cognitive deﬁcits in ﬁbro-
myalgia (Glass, 2009; Moriarty et al., 2011). In summary, older ﬁbro-
myalgia patients showed evidence for maladaptive brain structure
and function.
Although several previous studies have described increased regional
graymatter in chronic pain, the functional signiﬁcance of such increases
remains unclear. The increases we observed in the younger ﬁbromyal-
gia patients might reﬂect hypertrophy caused by over-engagement of
endogenous pain modulatory systems because insula, basal ganglia,
and prefrontal cortex are all important pain modulatory regions
(reviewed in Schweinhardt and Bushnell, 2010). In support of this no-
tion, the NAc, an area involved in motivation, showed increased
resting-state correlation to an important pain inhibitory region, i.e. the
DLPFC. In addition, experimental pain sensitivity was inversely related
to gray matter volume in the aINS and the younger patients' aINS
showed decreased resting-state correlation to dACC. Importantly, the
altered resting-state correlation was independent of pain during the
scan, suggesting a clinically relevant reorganization of the resting-
state network, rather than a transient situation-related change of con-
nectivity. The dACC is implicated in processing emotional salience and
unpleasantness of painful stimuli (Rainville et al., 1999; Villemure and
Bushnell, 2009; Vogt, 2005), and the aINS and dACC form the central
nodes of the resting-state salience network (Seeley et al., 2007; Taylor
et al., 2009), proposed to evaluate the biological relevance of internal
states and incoming stimuli. Thus, decoupling of aINS and ACC in
younger ﬁbromyalgia patients could result in attenuated negative
valence of nociceptive stimuli. Such adaptations could underlie the
ﬁnding that younger patients had normal perception of pressure
stimuli despite having chronic widespread pain that is characteristic
of ﬁbromyalgia.
4.3. Adaptive andmaladaptive brain plasticity in response to environmental
demand might depend on age
Based on the preceding discussion, we suggest the following model
for brain changes in ﬁbromyalgia: the brains of young ﬁbromyalgia pa-
tients might be over-engaging endogenous pain modulatory systems in
an attempt to attenuate the clinical condition. This situation leads to hy-
pertrophy in relevant brain structures. Indeed, graymatter hypertrophy
in response to stressors has been described in humans upon repeated
exposure to experimental pain (Teutsch et al., 2008) and in rodents
that show persisting hypertrophy of the amygdala in response to
prolonged behavioral stress, mediated by increases in dendritic lengthand branching complexity (Vyas and Chattarji, 2004; Vyas et al.,
2003). One mechanism by which the overactive pain modulatory sys-
tems might try to attenuate pain is by disconnecting brain structures
that contribute to the processing and perception of pain. Consequently,
the insula and theACCwould be no longer acting in concert, with the re-
sult of keeping sensitivity to external stimuli at normal levels. Thus, we
propose that the anatomical brain changes in younger ﬁbromyalgia pa-
tients are adaptive and reﬂect successful coping. But as the brain ages,
these compensatorymechanisms and other effective pain copingmech-
anismsmight exhaust, supported by our ﬁnding that insular graymatter
showed a signiﬁcant declinewith age across all patients but not controls
(Supplementary Fig. 3). Now, detrimental effects of prolonged pain
manifest, which in turn contribute to enhanced hypersensitivity. As a
result, increased hypersensitivity, the hallmark of ﬁbromyalgia, is ob-
served in older patients in addition to chronic widespread pain. Brain
structure and function and pain coping mechanisms (Perrot et al.,
2008) would have shifted from being adaptive in younger patients to
beingmaladaptive in older patients. This age-dependent brain plasticity
could have important implications for treatment considerations when
facedwith patients of different age groups, affected by pain or potential-
ly other disease states.4.4. Limitations
In any cross-sectional study, causal relationships are difﬁcult to infer.
An alternative interpretation to the one discussed above is that gray
matter differences in ﬁbromyalgia represent pre-existing structural
brain differences, potentially contributing to individuals' vulnerability
to develop ﬁbromyalgia. However, because younger and older ﬁbromy-
algia patients of our study belong to the same populationwith respect to
diagnosis, level of clinical pain, and affective disturbances, it seems
improbable that the younger and older patient group should present
with different pre-existing brain differences. Nevertheless, one poten-
tially important difference between the younger and the older subjects
in the present investigation is that the large majority of older subjects
(patients and controls) were post-menopausal, and almost all younger
subjects were pre-menopausal (Table 1). Therefore, it might be that
menopausal status contributes to the differential ﬁndings in younger
and older patients. However, because gray matter did not only differ
between groups but also showed a relationship with age (Fig. 1), it
seems unlikely that differences between younger and older patients
are solely caused by menopausal status.
Because of the known effects of opioids on brain structure and func-
tion (Upadhyay et al., 2010; Younger et al., 2011), we did not include
any patient using opioids. In addition, antidepressants have been
shown to have a positive effect on brain gray matter (Bremner and
Vermetten, 2004; Lai and Hsu, 2011; Lai and Wu, 2013). In our study,
13 of 28 patients were taking antidepressants and could have potential-
ly inﬂuenced our ﬁndings. However, we think this is highly unlikely for
several reasons. First, the use of antidepressants was equally distributed
across older and younger patients while the gray matter differences of
these two groups to matched control subjects were of opposite
directions (decreased in the older patients, increased in the younger).
Second, the regional gray matter differences observed in our study do
not correspond to the areas associated with the reported effects of anti-
depressants. Similar arguments as for antidepressants apply to a poten-
tial confounding effect of NSAIDs, taken by a majority of patients in our
study. Again, the proportion did not differ between older and younger
patients and the brain areas identiﬁed in our study do not match the
areas reported to be inﬂuenced by NSAIDs (Bendlin et al., 2010;
Walther et al., 2011). In addition, NSAIDs have been shown to partially
counteract accelerated age-related decline of gray matter volume
(Bendlin et al., 2010; Walther et al., 2011), which might suggest that
the observed age-related decline we observed in gray matter might
have been more pronounced had the patients not been taking NSAIDs.
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